Abstract. In many situations, the random coupling model (RCM) has been successfully demonstrated to predict the electromagnetic pulse effect within a complex enclosure. However, the model sets boundary conditions at infinity when calculating the coupling effect, which causes a problem named the short orbit effect. In this paper, a short orbit random coupling model (SORCM) is proposed by means of defining a short orbit correction coefficient of the radiation impedance in the two-port wave chaotic cavity. The results of the SORCM were compared with the experimental data, which shows that the SORCM is more effective compared with the RCM in predicting the statistical electromagnetic properties. The insights gained from the research can provide guidelines for the design of the electronic equipment.
Introduction
With the rapid development of electronic technology, large scale integrated circuit technology is widely used in various types of electronic equipment, which has improved the processing power of electronic equipment. At the same time, it makes these devices more and more sensitive to various electromagnetic signals [1] . Ultra-Wideband (UWB) and High Power Microwave (HPM) hinder the normal operation and role play of electronic equipment by means of transient interference, microwave heating, high-voltage breakdown, and surge impact. It results in the degradation of electronic components, the state reversal, node breakdown, and device burned [2] . Study on the electromagnetic pulse effects of the law to explore the corresponding protective measures to enhance the viability of electronic equipment is important.
Due to the complexity of the internal structure of the electronic equipment, the problem of electromagnetic pulse effect is complex and it is difficult to establish the electrodynamics equation by analytic method. The Finite Difference Time Domain method (FDTD) [3] , Finite Element Method (FEM) [4] , the method of numerical calculation (MoM) [5] and other methods need to consume a large amount of computational resources, and sometimes even can not get the solution of the problem. Using the electromagnetic topology method [6, 7, 8] , the solution is still very complex, and the established electromagnetic topology model is closely related to the analyzed individuals, and is difficult to be extended to other similar electronic devices. Transmission line matrix (TLM) method [9] is effective in the low-frequency electromagnetic interference signal analysis. However, the field fluctuation enhances significantly when the electromagnetic wave frequency is high. It is difficult to use lumped parameters for effective description.
Based on the random plane wave hypothesis and random matrix theory, Xing Zheng and Sameer Hemmady of the University of Maryland proposed the random coupling model [10, 11, 12] . The statistical method provides a new way of analyzing the electromagnetic effect physical quantity, which can provide reference for other systems with similar structures. The RCM is used to study the statistical properties of the electromagnetic effect in the computer cavity case [13, 14] . Xin-wu ZHUANG summarizes the statistical properties of the cavity with shape of rectangle, sphere or their Boolean combinations [15, 16] . Xi-cheng Lu and others based on antenna radiation theory to build a the random coupling model of microwave chaotic cavity [17] , Jian-hong Hao, Jie-qing Fan, Zi-xian
Song use the RCM to analyze induced voltage probability density of a FM transmitter circuit [18, 19, 20] .
In the calculation of the radiation impedance matrix, the boundary condition is set at infinity, which is equivalent to the ideal absorbing material at the boundary of the cavity wall. In this case, there is no reflection wave to the excitation port in the RCM. But the actual wall of the electronic equipment will not be the ideal absorbing material, there are always some reflected waves will return to the excitation port. The trajectory of these reflected waves is called "short orbit". Because of the existence of the short orbit effect, the trend of the target voltage calculated by the RCM is basically agreed with that of the actual measurement statistic, but the peak value of the two is deviated. In [13] , the problem of short orbit effect is found, but the method to solve the problem is not given. In [15] , the short orbit coupling technique is proposed, but it did not give a detailed solution, and did not carry out experiments for specific chaotic cavity. The short orbit effects of single target point in the cavity are studied in [21, 22, 23, 24] , but the detailed results of the induced voltage at the target point are not given. With statistical method to analyze the electromagnetic effect physical quantity, the accuracy is related to whether the whole chaotic cavity is fully traversed by the electromagnetic wave. The key to solving the short orbit effect is to analyze the relationship between the short orbit property and the electromagnetic effect physical quantity. By defining the short orbit correction coefficient of the radiation resistance, the relationship between the radiation resistance and the short orbit property is established. The calculation method of the short orbit correction coefficient is given, and the experiment is carried out under the condition of the two-port wave chaotic cavity.
Theoretical Analysis

Random Coupling Model
The RCM points out that for the complicated wave chaotic cavity, the internal electromagnetic parameters can be divided into two parts: the universal statistical characteristic and the non-universal statistical characteristic. According to [10, 11] , for the two-port lossy metal cavity, the cavity impedance matrix cav Z can be expressed by Eq. 1:
Where rad Z represents the free space radiation resistance of the cavity, nor Z represents the normalized impedance of the cavity.
The free space radiation impedance of the cavity rad Z can be derived from Eq. 2:
Where 0 Z is a real diagonal matrix, the element is if the characteristic impedance of the transmission line which connected to the excitation port.
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I is the unit matrix. rad S is the radiation scattering matrix of the cavity, which can be obtained through electromagnetic simulation software or direct measurement.
The normalized impedance of the cavity nor Z can be obtained from Eq. 3:
Where W is the coupling matrix of the two-port wave chaotic cavity and its element ij W describes the coupling between the ith excitation source and the jth eigenmode of the cavity, and is a function that satisfies the condition that the variance is 1 and the mean is 0 Gaussian distribution of the random number. W T is the transpose matrix of W . P is a M M  diagonal matrix, the purpose is to generate M eigenvalues, these eigenvalues meet the Wigner semicircular distribution; I is the M M  unit matrix. α is the cavity loss factor, which can be obtained by equation or direct comparative method [20] .
Short Orbit Random Coupling Model in Two-port Wave-chaotic Cavity
In the RCM, the cavity wall is equivalent to the ideal absorbing material when the cavity's radiation impedance is calculated by Eq. 2, and the trace of the short orbit of the real electronic equipment is not taken into account. In order to establish the relationship between the electromagnetic effect physical quantity and short orbit property, the short orbit correction coefficient of radiation resistance rad Z is defined:
. The radiation resistance when existing short orbit effect is soc Z , then there are:
The real part of soc Z and the real part of rad Z satisfy Eq. 5:
The imaginary part of soc Z and the imaginary part of rad Z satisfy Eq. 6:
Considering the short orbit effect, the Eq. 1 to calculate the cavity impedance can be expressed by Eq. 7.
The Eq. 4 to Eq. 7 are called the short orbit random coupling model of the wave-chaotic cavity. In the following, we derive the analytic expression of the short orbit correction coefficient of the quasi-two-dimensional wave chaotic cavity.
By the RCM, the impedance between port m and n can be expressed by Eq. 8. V , on the other hand, finds the current induced in the wall by a delta-function current in the volume. The operator K represents the current induced in one part of the wall by the current in another part of the wall. A schematic of the effects of these operators is shown in Fig. 1 . 
Sub-items in Eq. 10 can be expressed by Eq. 11 to Eq. 13.
In Eq. 11,  is the bounce angle of the orbit, the matrix θ is:
In Eq. 12, β is the time of bounces from the port m to the port n , 
indicates the sum of all orbits from the port m to the port n .
in Eq. 13 represents the stability factor of the orbit, it can be expressed as:
Where  r and  ' r represent the gradient of the orbit at r and ' r respectively. According to Eq. 9 to Eq. 15, we can get the correction coefficient between the port m and n in the lossy cavity is:
is the distance between the port m and
is the effective attenuation parameter, Q is the cavity quality factor,
is the occurrence probability of the orbit in the ensemble. Substituting Eq. 16 into Eq. 4, Eq. 4 into Eq. 7, we can get the equation of the cavity impedance when the short orbit effect is considered.
Experiments and Results Analysis
Take an electronic device as the experimental cavity, the length, width and height are 48.2 cm, 45.0 cm and 17.8 cm, respectively. The coordinate system is established with the right lower lateral vertex of the cavity as the origin, as shown in Fig. 2 
Experimental Environment and Procedures
1) Measurement of the scattering matrix
The measurement environment for the scattering matrix is shown in Fig. 3 .
To enhance the chaotic nature of the radiation, a perturber was placed inside the cavity, which consists of a cylinder of 2 cm in diameter and three 6cm 3cm rectangular blades spaced 5 cm apart. The vector network analyzer is connected between the port 1 and the target point. Rotate the perturber 2 rounds, sample every 10° and every 1 MHz in the frequency range of 4.9 to 5.1 GHz. We can get 200×72 scattering matrixes for each target point. 2) Measurement of radiation scattering matrix The radiation scattering matrix is a scattering matrix in the case of without reflection in the cavity. Therefore, in measuring the radiation scattering matrix, the inner wall of the experimental cavity in Fig. 3 is covered with the absorbing material, the perturber is removed, and in the same frequency sample every 1 MHz 72 times at different time under the same experimental conditions, the experimental data of 200×72 radiation scattering matrixes can be obtained for each target point.
3) Measurement of induced voltage at target points Disconnect the connection between the vector network analyzer and the experimental cavity, excitation port 1 connected signal generator and power amplifier, the target point to connect the oscilloscope, in the same frequency, using the same frequency sampling and perturbing method, obtained through the oscilloscope induced voltage of each target point 200×72 of the ensemble experimental data.
Induced Voltage Calculation
Combining the concept of impedance parameter in microwave two-port network, we can abstract the cavity structure shown in Fig.3 as the two-port microwave network as shown in Fig. 4 when the induced voltage of each target point is separately investigated. For the two-port microwave network shown in Fig. 5 , the relationship between equivalent voltage, current and impedance can be expressed as: (18) In the case where the target point is open, the statistical distribution of the induced voltage 2 V at the target point can be obtained from the radiated power spectrum distribution of the port 1:
is the power density distribution function of the excitation signal at port 1.
Experimental Results Analysis
For the cavity shown in Fig. 3 , for the target point A, using the experimental method of Section III. A, the injection power
=24.1 cm， the maximum length M L of the short orbit is 90cm.
The cavity impedance is calculated by using the RCM's Eq.1 and the SORCM's Eq. 7 respectively, and the induced voltage statistical distribution of the target point is calculated from Eq. 19 under the two models. The comparison of the statistical results for the three target points A, B and C, RCM, SORCM and experimental measurements in the frequency range of 4.9 to 5.1 GHz is shown in Fig. 5, Fig. 6 and Fig. 7 . It can be seen from Fig. 5, Fig. 6 and Fig. 7 that in the frequency range of 4.9 ~ 5.1 GHz, the maximum probabilities of the induced voltage at the target point A obtained by the SORCM calculation result are 0.74V, 1.12V and 0.90V respectively, the maximum probabilities of the induced voltage at the target point B are 0.62V, 0.83V and 0.74V, respectively. The maximum probabilities of the induced voltage at the target point C are 0.42V, 0.63V and 0.51V. During the calculation of radiation resistance, the RCM set the boundary condition at infinity, which is equivalent to the ideal absorbing material of the cavity wall. All the electromagnetic waves entering the cavity are fully absorbed by the device. Therefore, compared with the SORCM, the RCM's results are tilted toward the big side. The SORCM takes into account the short orbit properties of the scattering system, and its results are closer to the measured values. The SORCM method is used to calculate the probability density of the induced voltages at target points A, B and C respectively in the frequency range of the experiment. The results are shown in Fig. 8 .
It can be seen from Fig. 8 that in the range of 4.9 to 5.1 GHz, the maximum of the target point A is 0.90 V, followed by the target point B, which is 0.74 V and the target point C 0.51 V. The reason is that the target point A is closest to the excitation port, the coupling energy is the largest, the second is the target point B, and the target point C is the farthest from the excitation port, and the coupling energy is the smallest.
Conclusion
By the method of defining the short orbit correction coefficient of the radiation impedance, the short orbit random coupling model of the two-port wave chaotic cavity in the frequency range of 4.9~5.1 GHz is established. The induced voltage at the target point is statistically analyzed, and the experimental results show that the results of the short orbit random coupling model are closer to the measured results than those of the random coupling model, which can more effectively predict the electromagnetic pulse of complex electronic devices. The research of this paper can further promote the practical engineering application of random coupling model and provide reference for electromagnetic safety protection design of electronic equipment.
